This study is an analytical investigation of time domain reflectometry (TDR) for carbon fiber reinforced polymer (CFRP) composites using numerical simulation software. This process is called self-sensing TDR because the carbon fibers themselves are used as the sensors. A previous study conducted experimental investigations of this process using parallel aluminum plates. This study uses finite difference time domain analysis for simulations of a transmission line structure for the self-sensing TDR. Details of the effects of the orthotropic electric conductance are investigated analytically. The simulation results show that the electromagnetic waves propagate rapidly in the transverse direction and that the effects of the orthotropic conductance seem to be negligible. An additional simulation using a pair of square CFRP plates reveals that the electromagnetic wave is affected by the orthotropic conductance. The effect is nevertheless very small when compared with the actual ratio of the electric conductance between the fiber direction and the transverse direction.
Introduction
Laminated carbon fiber reinforced polymer (CFRP) composites are widely used in the primary structures of aircraft structural components. Laminated CFRP structures have lower strength in interlaminar areas, rendering them vulnerable to damage from low-velocity impact loads. These characteristics underscore the need for a CFRP structural damage monitoring system. The reinforcing carbon fibers have high electrical conductivity. Therefore, they are potentially useful as sensors for damage detection in the CFRP structures. Using the structural carbon fibers as sensors, we have created a self-sensing method 1)-8) .
Time domain reflectometry (TDR) measures the time difference between the reflected pulse signals from the end of a transmission line and those from the damage. It detects the location of the damage point in the target transmission line from the measured time difference. A pulse generator is used to send a pulse signal to the target transmission line. The reflected pulse signals are then measured using a digital oscilloscope. The TDR method has already been applied to structural damage monitoring 9)-12) . In a previous study, the
Principle of Self-Sensing TDR
The TDR method uses a pulse signal in a transmission line. The pulse signal reflected from the transmission line is measured. The results are observed in a figure in which the abscissa is time and the ordinate is the voltage. The TDR method requires a wave generator, an oscilloscope, and a target cable, as shown in Fig. 1 . The wave generator produces a pulse wave signal, which is sent into the directional coupler. The signal propagates only into the target cable through the directional coupler. Part of the signal is reflected at the input end of the cable because of a slight difference in the characteristic impedance. The remainder of the signal propagates in the target cable. The signal input into the target cable is divided into reflected and transmitted signals at the damage point. The reflected signal returns and is measured at the oscilloscope. The time difference between the input signal and the reflected signal indicates the distance to the damage point after multiplication by the signal speed. Using the TDR method, the damage and its location are thus measurable. The distance L from the input end to the damage point is calculated using the following equation 14) .
In the equation, V p is the transmission velocity, and ∆T denotes the time difference between the input signal and the reflected signal. The transmission velocity V p , which is affected by the transmission line, is slightly lower (approximately 0.6-0.9) than the velocity of light. For this study, the cable is replaced with the CFRP plate. When the cable is simply replaced with the CFRP plate, the characteristic impedance of the CFRP plate differs greatly from that of the coaxial cable that is used to connect the wave generator and the oscilloscope. This arrangement causes perfect reflection to occur at the input end of the CFRP plate, and thus the pulse signal does not propagate in the CFRP plate.
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An impedance-matching process is therefore indispensable for the TDR method of the CFRP plate. Our previous study performed impedance matching using a parallel aluminum plate. Figure 2 presents the experimental setup for the self-sensing TDR used in that study 13) . A prepreg (Pyrofile MR380; Mitsubishi Rayon Co., Ltd.) was used, from which a CFRP plate was fabricated with a stacking sequence of [0 4 ] T . The 1980-mm-long CFRP plate was 120 mm wide. The specimen was sandwiched with an aluminum plate. Glass fiber heat insulating materials were used to keep the specimen at 130°C for 2 hr. 
Numerical Simulation
The frequency of the pulse signal was approximately 200 MHz in the previous paper, meaning that the wavelength is approximately 1.5 m. When the conductive line is longer than 1/100 of the wavelength, it must then be regarded as a transmission line that comprises two conductive materials. In this study, the FDTD method is adopted for the analysis. The method solves Maxwell's equations directly using the finite difference method. Maxwell's equations are as follows.
Therein, D stands for the electrical flux density vector, B represents the magnetic flux density vector, E signifies the electrical field strength vector, H is the magnetic field strength vector, ε is the dielectric constant, and µ denotes the magnetic permeability. J is the electric current density vector. When the calculation domain is inside a conductive material, J is written as σE J = (6) where σ denotes the electric conductance. The quantities ε, µ, and σ are 3×3 matrix values for anisotropic materials. When the calculation domain comprises an isotropic material, ε, µ and σ then become diagonal matrixes with identical elements.
To solve Maxwell's equations, the free "MEEP" FDTD simulation software is used 15) . An analytical model is presented in Fig. 3 . The 1980-mm-long CFRP plate is 120 mm wide. The spacing between the aluminum plate and the CFRP plate is 10 mm. As a boundary condition, a surrounding box area is set to match the layer perfectly (perfectly absorbed layer). The spacing between the specimen and the layer is 10 mm. For the FDTD method, a regular hexahedron mesh division is generally used. The length of each side of the hexahedron mesh is usually set to less than one-tenth of the wavelength. In this study, the length is set at 1 mm, meaning that the maximum available frequency for the FDTD analysis using this mesh is 30 GHz. For the time step of the analysis, the FDTD requires Courant's stability condition.
Therein, c is the speed of light. Because the length of each side of the hexahedron mesh is 1 mm (∆x=∆y=∆z=1), the time step ∆t is set to 1.67×10 -3 ns. As the dimensions of the microstructure of CFRP from the perspective of an electrical circuit are approximately 10-50 µm (the spacing between the fiber contact points), the reference dimension of the microstructure is sufficiently small when compared with the hexahedron mesh length, which indicates that the CFRP can be treated as a homogeneous orthotropic material. Because the carbon fibers and the epoxy resin are not magnetic materials, the relative magnetic permeability of the CFRP is set to 1. The other electrical properties required for the FDTD analysis are shown in Table 1 . For the analyses, two types of CFRP are prepared to compare the effects of the orthotropic conductance: Pyrofile #380 and IM600/133. The Pyrofile #380 is a normal CFRP but IM600/133 has strongly orthotropic conductance. In this study, analyses of four types of line are performed.
(1) A transmission line with an aluminum strip and a CFRP strip made from Pyrofile #380. Pulse signals of two types are prepared here: signals of a similar frequency to those used in the experiments (see Fig. 4(a) , 0.15 GHz) and signals of a higher frequency than those used in the experiments (see Fig. 4(b) , 2 GHz). The higher frequency pulse signal is used to clarify the effects of the orthotropic conductance of CFRP because the rapid increase of the pulse signal clarifies the difference. For the FDTD analyses, the pulse signal is input at the middle of the left end of the specimen. The pulse signal used here is a sine wave, and it is different from the single of a half-sine-wave pulse used in the previous experiments (13) . As the frequency of the input signal is very high, most of the input signal propagates in the transmission line as electro-magnetic waves here. Figure 5 presents the results for the reflected pulse signal from the end of a specimen of a transmission line composed of an aluminum plate and a CFRP plate of Pyrofile #380. The abscissa shows the time difference from the peak of the input signal. The ordinate is the measured voltage. The solid curve is the reflected signal calculated in the FDTD analysis, and the dashed curve is the experimentally obtained reflected pulse signal. In the experiments of the previous paper, a single pulse signal was input to a strip type transmission line 13) . For the FDTD analysis, a sine wave is used because of the lack of information about an appropriate wave shape (single half-sine wave is used in the previous experiments (13) ). For this reason, the negative signal is observed only for the FDTD analysis results. 15 GHz has a wider wavelength, the 2 GHz signal is used for the remainder of the analyses to clarify the signal wave propagation behavior in detail. Figure 6 shows the propagation of the electric field of the z-direction (E z ) to the x-direction. The strength of E z is shown using a color contour plot. The initial electric field is applied at the middle point of the left end of the specimen. The electric field propagates immediately to the end of specimen width (y-direction), and E z becomes a uniform wave in the transverse direction soon after the propagation in the x-direction (see results after 1.0 ns and 3.0 ns). After propagation of approximately 200 mm in the x-direction, E z becomes uniform in the y-direction for the normal CFRP (Pyrofile #380). Figure 7 shows the propagation of the electric field of E z in the x-direction of the strip specimen with damage. At the damage location, the pulse signal becomes completely uniform in the y-direction, and the reflected pulse wave is also a uniform plane wave in the y-direction. For this reason, the multiple electrode methods used in the previous experimental study detected damage equally from every electrode formed at the left end of the specimen 13) . This simulation result shows that the effect of the orthotropic conductance of the normal CFRP is negligible for the strip-type specimen for self-sensing TDR. Figure 8 shows the propagation of the electric field E z in the x-direction of the strip type specimen of the IM600/133 composites. As Table 1 shows, IM600/133 has strong orthotropic electric conductance. The result, however, shows no difference to that obtained with the normal CFRP. Figure 9 shows the propagation of the electric field E z in the x-direction of the strip type specimen of the IM600/133 composites. In this simulation, a pair of IM600/133 plates was selected to make a transmission line rather than using an aluminum plate. The results show that E z at 1 ns exhibits a slow propagation rate in the y-direction. The effect of the strong orthotropic conductance, however, becomes negligible at 3 ns. The results shown in Fig. 8 and Fig. 9 show that the effect of the strong orthotropic conductance is very small for the self-sensing TDR of the strip type specimen. This small effect might originate from the small dimensions of the specimen width in the y-direction.
Results and Discussion
To confirm the effect of the specimen width of the strip type specimen, an additional simulation was performed. Two IM600/133 square plates were used to produce a transmission line. The square plate length is 1000 mm, and the other dimensions are the same as those in Fig. 3 . The result after 4 ns is presented in Fig. 10 . As shown in Fig. 10 , E z is long in the x-direction and is a thin ellipse. The aspect ratio of the ellipse is, however, Table 1 . The aspect ratio of E z is too small when compared with the conductance ratio of the IM600/133 composites. Therefore, the self-sensing TDR is affected by the orthotropic conductance of the CFRP, but the effect is quite small when compared with the actual conductance ratio because E z propagates in the dielectric material. The effect might be influenced by the dimensions of the spacing between the two CFRP plates. However, these are subjects for our future work. 
Conclusions
In this study, self-sensing TDR is specifically addressed and simulations are performed using the FDTD method. The experimentally obtained results from our previous paper demonstrated the applicability of the self-sensing TDR method to damage detection of a CFRP plate. The experimentally obtained results with multiple electrodes, however, did not detect the damage location in the transverse direction. In this study, therefore, analyses were conducted to investigate the effects of the anisotropic electric conductance of CFRP plates on the self-sensing TDR. The results obtained are as follows.
(1) The FDTD simulation result for the no damage scenario is compared with the experimentally obtained results, and the FDTD simulation is shown to provide appropriate results for self-sensing TDR using CFRP plates. (2) When using a narrow strip, the transmitted wave propagates in the transverse direction and the effect of the orthotropic conductance is negligible, even for the strongly orthotropic CFRP. (3) When using a pair of square CFRP plates, the transmitted wave has an orthotropic wave velocity. The ratio of the velocity is, however, smaller than that of the electric conductance.
